As important pharmacological probes, highly selective opioid receptor antagonists are essential in opioid receptor structural characterization and opioid agonist functional studies. At present, a nonpeptidyl, highly selective, and reversible mu opioid receptor antagonist is still not available. Among a series of novel naltrexamine derivatives that have been designed and synthesized following molecular modeling studies, two compounds, NAP and NAQ, were identified as leads based on the results of in vitro and in vivo pharmacological assays. Both of them displayed high binding affinity and selectivity to the mu opioid receptor. Further pharmacokinetic and functional characterization revealed that NAP seems to be a peripheral nervous system agent while NAQ seems to be a central one. Such characteristics provide two distinguished potential application routes for these two agents and their derivatives. These results also supported our hypothesis that they may serve as leads to develop more potent and selective antagonists for the mu opioid receptor.
O pioid receptor selective antagonists are important pharmacological probes to study the structureÀfunction relationship of each opioid receptor. 1À3 It has been demonstrated that, for many clinically available opiates, not only their analgesic function but also their side effects (such as addiction and abuse liability, respiratory depression, and tolerance) are primarily due to their interaction with the mu opioid receptor (MOR) . 4À6 Yet the lack of a nonpeptidyl, highly selective, and potent MOR antagonist limits our understanding of the structureÀfunction relationship of MOR. Currently available antagonists for the MOR carry certain characteristics that limit their application ( Figure 1 ). For example, cyprodime 7 only possesses a moderate selectivity for the MOR over the delta opioid receptor (DOR) and kappa opioid receptor (KOR) (K i value ratios are kappa/mu ≈ 45, delta/mu ≈ 40) with much lower affinity for the MOR than naloxone and naltrexone. 8 β-FNA, clocinnamox, and other irreversible antagonists for the MOR 9À11 bind covalently with the receptor, which largely limits their utility. Some currently available conformation-constrained peptides, for example, CTOP and CTAP, are highly selective and reversible MOR antagonists. They are relatively metabolically stable and have been used to target the MOR in in vitro and in vivo studies, while their limited bioavailability when administered peripherally hindered their potential medical applications. 12À19 Because the utility of antagonists as pharmacological tools requires both in vitro and in vivo activity, nonpeptide ligands are still preferred due to their ability to penetrate the central nervous system (CNS) and lesser vulnerability to metabolic inactivation compared to the peptide agents. Therefore, the development of a nonpeptidyl, potent, selective, and reversible antagonist for the MOR is highly desirable.
Recently, based on the "message-address concept" and molecular modeling studies, a series of 6R-and 6β-N-heterocyclic substituted naltrexamine derivatives were designed, synthesized, and characterized. 20 Among them, NAP and NAQ ( Figure 1 ) seemed to be promising leads as MOR selective antagonists. NAP displayed high binding affinity for the MOR at K i = 0.37 nM with over 700-fold selectivity for the MOR over the DOR and more than 150-fold selectivity over the KOR. The binding affinity of NAQ to MOR was 0.55 nM with over 200-fold selectivity for the MOR over the DOR and approximately 50-fold selectivity over the KOR. Meanwhile they were both low efficacy MOR agonists compared with DAMGO in the 35 S-GTP[γS]-binding assay with MOR expressing CHO cell lines.
To confirm ligand selectivity of NAP and NAQ in neuronal tissue and to avoid sole reliance on data from transfected cell lines, the 35 S-GTP[γS]-binding assay in membranes prepared ACS Chemical Neuroscience LETTER from rat thalamus, which expresses mostly the MOR, was conducted. Both NAP and NAQ acted as potent antagonists to inhibit DAMGO-stimulated 35 S-GTP[γS]-binding, as shown by the low nanomolar K i values obtained when varying concentrations of these leads were coincubated with DAMGO (Table 1 ). However, these K i values for DAMGO antagonism by NAP and NAQ in thalamus (4.8 and 3.5 nM, respectively) were approximately 6-fold greater than the previously reported MOR binding K i values from MOR-expressing CHO cells (0.37 and 0.55 nM, respectively). 20 This discrepancy could be due to the different assay conditions, such as the presence of sodium and guanine nucleotides in the 35 S-GTP[γS]-binding assay, which would be expected to modestly inhibit partial agonist affinity. Indeed, the EC 50 value for NAQ-stimulated 35 S-GTP[γS] binding (4.2 nM) was similar to its K i value to inhibit DAMGO-stimulated 35 S-GTP[γS] binding in this tissue, although the EC 50 value of NAP (54.6 nM) was approximately 10-fold greater. However, it is difficult to obtain accurate EC 50 values for these compounds in thalamus due to the very low level of stimulation produced by the compounds alone. Accordingly, when incubated alone (in the absence of DAMGO), both lead compounds produced low levels of stimulation (∼15% of DAMGO), indicating that they are partial agonists of low relative efficacy in thalamus. These results are consistent with the ones previously observed in an MORtransfected CHO cell line, 20 and confirm that these lead compounds are low efficacy partial agonists of the MOR.
To further characterize the competitive antagonist property of both leads, a functional assay was conducted to determine the ability of these compounds to competitively right-shift the DAMGO concentration-effect curve. For these experiments, a CHO cell line engineered to express relatively low levels of the MOR (0.4 pmol per mg of membrane protein was used), 21 so that NAP and NAQ would act as pure antagonists and readily allow determination of parallel rightward shifts of the DAMGO curve. This MOR expression level was similar to a previously reported MOR B max values (0.2À0.4 pmol/mg) from multiple regions of mouse brain. 22 When incubated with membranes from these cells in the absence of DAMGO, neither NAP nor NAQ produced any stimulation of 35 S-GTP[γS] binding at ligand concentrations up to 100 nM (data not shown). A concentration of 3 nM NAP and NAQ was selected for co-incubation with DAMGO and compared to the effect of 3 nM naltrexone as a positive control. The results are summarized in Figure 2 and show that both NAP and NAQ acted as competitive antagonists against DAMGO, similarly to naltrexone. Although NAQ seemed to reduce the DAMGO E max value slightly, suggesting a noncompetitive component, the DAMGO E max values obtained in the presence of any of the three antagonists were not significantly different from that of DAMGO alone, as determined by ANOVA with posthoc Dunnett's test ( Table 2 ). The calculated K e values for NAP and NAQ (0.83 and 0.59 nM, respectively) were similar to that of naltrexone (0.56 nM) and to previously reported MOR binding K i values for these compounds (0.37 and 0.55 nM, respectively). These results indicate that NAP and NAQ can act as competitive, high affinity MOR antagonists. While both compounds acted as MOR-selective ligands, one of the concerns was whether they would act as potent agonists of the DOR and/or KOR with high efficacy, which would limit their usefulness. From the results of our studies (Tables 3 and 4) , NAP acted as a partial agonist of the DOR with low efficacy and a partial agonist of the KOR with moderate efficacy but low potency. NAQ acted as a partial agonist of the DOR with moderate efficacy and low potency and as a partial agonist of the KOR with low efficacy. It is interesting that NAP showed somewhat higher DOR and KOR potency than predicted from receptor binding assay results. It is possible that this ligand binds with higher affinity under the conditions of the 35 S-GTP[γS]binding assay (e.g., with sodium and guanine nucleotides present). In general, these results show that both leads have low to moderate efficacy at the DOR and KOR, and this information is encouraging to our next generation of molecular design.
Primarily the in vivo pharmacological evaluation of the NAP and NAQ was focused on acute antinociceptive agonistic and antagonistic effects in the tail immersion test in mice. It was noticed that both NAP and NAQ acted as potent antagonists in the in vivo tests without any significant agonist activity even at the very high dose of 100 mg/kg. As antagonists, their potency (NAP AD 50 was 4.98 mg/kg and NAQ was 0.46 mg/kg) was lower than that of naloxone (at 0.05 mg/kg). 20 Apparently, this is not consistent with their in vitro high potency.
To understand the discrepancy of NAP and NAQ between their in vitro and in vivo properties, a preliminary pharmacokinetic permeability study was conducted ( Figure 3 ). The apparent permeability of NAP was significantly lower than that of NAQ and naltrexone. When NAP was tested in the presence of P-glycoprotein selective substrate GF120918 in the same system, its apparent permeability improved dramatically and was similar to that of naltrexone. This suggested that NAP may be a substrate of P-glycoprotein, thus failing to penetrate the blood-brain barrier as well as naltrexone, thereby decreasing its apparent CNS activity in the in vivo assays. As a result, NAP might be applied as a lead to develop peripheral MOR selective antagonists.
To further characterize the CNS activity of NAQ, a comparative opioid withdrawal precipitation study was conducted with this lead compound. As shown in Figures 4 and 5 , NAQ exhibits an interesting profile compared with the well-known opioid antagonists, naloxone and naltrexone. In morphine pelleted mice, NAQ (10 mg/kg) did not precipitate jumps and only modestly precipitated wet-dog shakes at a dose 10 times higher than that of naloxone or naltrexone. Moreover, even at a 100-fold greater dose than that of naloxone or naltrexone, NAQ (100 mg/kg) did not exhibit full activity to precipitate these opiate withdrawal signs. Interestingly, a similar phenomenon was observed 
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LETTER previously with 6β-naltrexol, 23 although the substitution on the 6-position of the naltrexone skeleton is totally different between these two ligands. The present results show that NAQ can act as a low efficacy partial agonist or antagonist depending on MOR expression level or tissue type, which along with potential pharmacokinetic differences might explain its reduced potency to induce withdrawal relative to naloxone and naltrexone. The reduction of withdrawal effects associated with NAQ indicated that NAQ could be used as a lead to develop MOR antagonists with some advantages to treat opioid overdose, abuse and addiction.
In summary, based on pharmacological study results, two novel ligands have been characterized as MOR selective ligands with low efficacy at the mu opioid receptor. They both seem to be promising leads to further develop highly potent MOR-selective antagonists. Their differential pharmacological and pharmacokinetic profiles may substantiate their potential application either in treating opioid receptor related peripheral or CNS system diseases. Surgical Implantation of Morphine Pellets. Mice were anesthetized with 2.5% isoflurane (Baxter, Deerfield, IL) before shaving the hair around the base of the neck. Adequate anesthesia was noted by the absence of the righting-reflex and lack of response to toe-pinch, according to IACUC guidelines. The skin was scrubbed with 10% povidone iodine (General Medical Corp., Prichard, WV) and rinsed with alcohol before making a 1 cm horizontal incision at the base of the neck. The underlying subcutaneous space toward the dorsal flanks was loosened using sterile hemostats. Maintenance of a stringent aseptic surgical field minimized any potential contamination of the pellet, incision, and subcutaneous space. A 75 mg morphine pellet was inserted in the space before closing the site with Clay Adams Brand, MikRon AutoClip 9 mm wound clips (Becton Dickinson and Co., Sparks, MD) and again applying iodine to the surface. The animals were allowed to recover in their home cages where they remained throughout the experiment. 
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Antagonist-Precipitated Withdrawal. Withdrawal was precipitated in mice at 72 h from pellet implantation with naloxone (1.0 mg/kg, s.c.), naltrexone (1.0 mg/kg, s.c.), NAQ (1.0À100.0 mg/kg s.c.), or NAP (0.50À100.0 mg/kg s.c.) and was scored according to the method described by Vaupel et al. (1997) . 24 Mice were allowed for 30 min to habituate to an open-topped, square, clear Plexiglas observation chamber (26 Â 26 Â 26 cm 3 ) with lines partitioning the bottom into quadrants then given antagonist. Withdrawal commenced within 1 min after antagonist administration. Escape jumps and wet-dog shakes were quantified by counting their occurrences over 20 min.
Drugs and Chemicals. The 75 mg morphine pellets were obtained from the National Institute on Drug Abuse (NIDA), Bethesda, MD. Naloxone and naltrexone were obtained from Sigma Life Science (St. Louis, MO), and NAP and NAQ were synthesized in one of our laboratories. All antagonists were dissolved in pyrogen-free isotonic saline (Baxter Healthcare, Deerfield, IL).
Experimental Design and Statistical Analysis. Morphine-pelleted mice were placed into groups of 4À8 mice per group. Groups were administered saline (control), naloxone, naltrexone, or NAQ or NAP at designated doses according to body weights (g). After counting withdrawal signs, mice were euthanized by CO 2 according to AVMA Guidelines on Euthanasia (2007).
Data are expressed as mean values ( SEM. Analysis of variance (ANOVA) followed by the post hoc Dunnett test was performed to assess significance using the Instat 3.0 software (GraphPad Software, San Diego, CA). The withdrawal signs of jumping and wet -dog shakes were counted and subjected to two-factor ANOVA.
Pharmacokinetics. Bidirectional Transport of NAP, NAQ, and naltrxeone in Caco-2 Cells. Caco-2 cells (passages 39À45; ATCC, Manassas, VA) were cultured and plated on Transwell filters, and directional permeability studies were performed as previously described. 1 Briefly, cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum and supplemented with penicillin/ streptomycin and nonessential amino acids for 21À25 days after seeding on 12 mm 0.4 μm #3460 Transwell-Clear inserts (Fisher Scientific). Drug solutions in Hank's balanced salt solution were added to either the apical or basolateral chambers, with sampling up to 2 h. Samples were mixed with acetonitrile (25 μL) and centrifuged. Separation was performed by HPLC using an Alltima HP C18 column (3 μm, 4.6 Â 100 mm; Alltech, Deerfield, IL) and gradient elution (aqueous 0.05% trifluoroacetic acid and acetonitrile, from 90:10 to 50:50) with detection by UV absorbance at 232 nm.
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